Solid-state superconducting circuits 1-3 are versatile systems in which quantum states can be engineered and controlled. Recent progress in this area has opened up exciting possibilities for exploring fundamental physics as well as applications in quantum information technology; in a series of experiments 4-8 it was shown that such circuits can be exploited to generate quantum optical phenomena, by designing superconducting elements as artificial atoms that are coupled coherently to the photon field of a resonator. Here we demonstrate a lasing effect with a single artificial atom-a Josephson-junction charge qubit 9 -embedded in a superconducting resonator. We make use of one of the properties of solid-state artificial atoms, namely that they are strongly and controllably coupled to the resonator modes. The device is essentially different from existing lasers and masers; one and the same artificial atom excited by current injection produces many photons.
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(top right panel of Fig. 1d ). As the qubit is coupled to the resonator through the electric field ( / a 1 1 a, where a 1 and a are the photon creation and annihilation operators, respectively), the hamiltonian of the qubitresonator system reads:
The first term represents the qubit; s z and s x are the Pauli matrices. The second term describes the resonator. The interaction between the qubit and the resonator gives the third term, and is characterized by the coupling strength g 0 . The value of g 0 /2p is found to be 80 MHz 1 NEC Nano Electronics Research Laboratories, Tsukuba, Ibaraki 305-8501, Japan. 2 The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198, Japan. 3 CREST-JST, Kawaguchi, Saitama 332-0012, Japan. 4 VTT Technical Research Center of Finland, Sensors, POB 1000, 02044 VTT, Espoo, Finland. from fitting the dispersion curve observed in the transmission through the resonator when the qubit is biased at e 5 0 ( Fig. 2a ).
To create population inversion in the qubit, we introduce a drain electrode connected to the island via a tunnel junction with a resistance R b of 1.0 MV ( Fig. 1a, b ). The drain electrode is voltage biased at a voltage V b above (2D 1 E C )/e, which is required to extract two electrons from the island by breaking a Cooper pair (where D is the superconducting gap energy; D/h < 55 GHz) 21, 22 . As a result, j2ae decays into j0ae via two sequential single-electron tunnelling events in the incoherent process j2ae R j1ae R j0ae with rates C 21 , C 10 < (eV b 6 E C )/e 2 R b (positive sign for the former), respectively (bottom left panel of Fig. 1d ). Therefore, the 'atom' is pumped into the j0ae state regardless of the sign of e. At e 5 0, a Cooper pair tunnels across the Josephson junction from the ground to the island (j0ae R j2ae) without changing its energy. Thus, the so-called Josephsonquasiparticle (JQP) cycle involving the three charge states continues and results in a pronounced current peak 21, 22 . For e ? E J , the upper eigenstate of the qubit is nearly the j0ae state, and the single-electron tunnelling process creates a population inversion with an effective rate c 5 C 21 C 10 /(C 21 1 C 10 ). For V b 5 0.65 mV (used in the measurement below) c < 2.0 3 10 9 s 21 (c/2p < 320 MHz), which is much larger than k.
When DE is adjusted to "v 0 , the energy quantum of the qubit is transferred into the resonator as a photon, accompanied by a Cooper pair tunnelling across the Josephson junction (j0, Nae R j2, N 1 1ae; here jn, Nae represents a state with n excess electrons in the qubit island and N photons in the resonator). Completed by the pumping mechanism j2, N 1 1ae R j1, N 1 1aeR j0, N 1 1ae, the photon-assisted JQP cycle proceeds repeatedly with increasing N, and N reaches a balance between photon generation and loss of the resonator. The coupling between j0, Nae and j2, N 1 1ae states is enhanced by a factor of ffiffiffiffiffiffiffiffiffiffiffi ffi N z1 p ; the photon field stimulates the photon generation process, which is analogous to stimulated emission in conventional lasers. However, in our case the photons are generated by one and the same atom. In conventional lasers, the ratio b (of spontaneous decay rate into the lasing mode to the total spontaneous decay rate) is very low. Therefore, a high pumping rate (above the lasing threshold) is required to achieve lasing. However in our system, with a single atom efficiently coupled to a single-mode cavity with b close to unity, the threshold no longer exists, and lasing takes place at any weak pumping rate 13, 16 .
In Fig. 2b , the emission power spectral density from the resonator (upper panel) is shown together with the current through the qubit (lower panel) as a function of e. The observed current peak at e 5 0 is due to the JQP process. On the right-hand slope of the JQP peak (e . 0; the emission side), two small current peaks (I p < 0.1 nA above the JQP peak) appear. Correspondingly, we observe strong emission, shown as two 'hotspots' in the upper panel of Fig. 2b . The position of the first current peak and the hotspot corresponds to e/2p < 7 6 2 GHz. Although the hotspot is rather broad, it is located consistently with the condition DE 5 "v 0 (e 5 8.3 GHz). (Although the emission takes place in a wide range of magnetic flux W, the data shown here are obtained at W 5 0.38W 0 (W 0 is the flux quantum), where E J /h < 5.4 GHz.) Because of finite e, the effective coupling strength at the resonance is reduced to g/2p 5 (g 0 /2p)(E J /"v 0 ) < 44 MHz.) One possible interpretation of the presence of the second hotspot is the two-photon resonance 18 expected at e 5 19 GHz. Note that the emission takes place only when the drain electrode is biased in the range 0.57 mV # V b # 0.71 mV, where the JQP cycle is the dominant current carrying process. Note also that on the absorption side, e , 0, microwave de-amplification is expected at DE 5 "v 0 and is indeed observed, though it is not shown here. Figure 2c shows the emission spectrum at one of the hotspots. The frequency of the intense emission is shifted by about 20.7 MHz from the resonator frequency. The emission peak is unstable, showing low-frequency fluctuations, which can be attributed to the lowfrequency charge noise. However, it is roughly confined within the envelope drawn by the black curve. The total emission power within the envelope is estimated to be W 5 7 3 10 216 W, which corresponds to N 5 2(W/"v 0 )/k < 30 photons in the resonator. (The factor 2 comes from the equal probability that the photons escape from either end of the resonator: the number 30 may be underestimated, as the resonator internal loss is not accounted for.) The large number of photons accumulated in the single-mode resonator indicates a lasing effect, together with a linewidth narrower than both k and C 21 . However, the linewidth is still much wider than the quantum limit given by the Schawlow-Townes formula (see, for example, ref. 23) k/(2N) (of the order of 2p 3 10 kHz), which means that it is broadened by some other mechanism, for example, charge fluctuations. The b-factor is estimated as a ratio of photon escape rate over the photon assisted Cooper-pair tunnelling rate b . (Nk)/(I p /2e) 5 0.4. It supports our picture of high lasing efficiency.
To additionally prove the lasing action of our device, we study the amplification of an external microwave signal. Figure 3a shows the normalized power and phase of coherent radiation output from the resonator. The blue curves show an ordinary transmission through the resonator when the qubit is biased away from the hotspots, and, as expected, the amplitude exhibits a lorentzian shape. The red curve demonstrates amplification of the drive microwave: at the hotspots, the transmission peak is enhanced on the low-frequency side of the bare resonant peak and slightly shifted towards lower frequencies with respect to the emission peak. At frequency dv drive /2p < 20.6 MHz (dv drive ; v drive 2 v 0 ), the amplification switches to attenuation accompanied by the phase drop. One possible interpretation of the frequency shift and the phase The emission is seen as two 'hotspots', and the corresponding current peaks appear on the right slope of the JQP peak (e . 0). This double hotspot feature is reproduced around every charge degeneracy point between | nae and | n 1 2ae, periodically in n g . However, in another sample with lower c, we observed a single hotspot with lower emission power. c, Emission power spectrum S at one of the hotspots taken at e/h 5 7 GHz (red curve). The black curve is an eye-guide envelope of the emission peak. The background level originates from the amplifier, which has a noise temperature of 10 K.
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drop in Figs 2c and 3a is that they are signatures of qubit-resonator coupling g(N 1 1) 1/2 that makes the system nonlinear in photon fields whose amplitude is proportional to N 1/2 . The resonance frequency and consequently the amplification and emission peaks are expected to split by approximately 6g/2N 1/2 . The observed amplification peak is shifted by about 21 MHz, which is of the order of the expected value. However, the peaks shifted to positive frequencies are not observed. The phase shift accompanying an amplification peak of a narrow band amplifier should also be additionally affected by the nonlinear term N 21/2 and therefore drops on the right-hand slope of the amplification peak, where N is suppressed. Next we study the emission spectrum under the external driving microwave, expecting 'injection locking' effects 22 . The red curve in Fig. 3b exemplifies the emission power spectrum at the hotspot when the external drive power P drive corresponding to six photons in the resonator (N* ; (P drive /"v 0 )/k < 6) is applied. The driven emission (red curve) reproduces the shape of the drive signal (blue curve) at frequency v drive /2p (dv drive /2p 5 -0.5 MHz), whereas the emission is suppressed at dv ? dv drive . This is consistent with the expected locking mechanism of the emission. The red peak is also much higher than the blue one, which is the transmitted spectrum measured with the same drive power and at e/h 5 40 GHz (outside the hotspots). We measured the injection locking in the range of dv drive /2p from 21.5 MHz to 0.5 MHz, and found that locking takes place at higher power for larger detuning from the emission peak maximum. The spectrum strongly depends on P drive (Fig. 3c ). When N* exceeds 1, the emission line shrinks to the drive frequency with the width limited by the measurement bandwidth (100 kHz) and amplitude fluctuations in the locked signal are suppressed. The injection locking effect resulting in frequency stabilization and emission narrowing additionally proves the lasing action.
We have demonstrated a lasing effect in the simplest possible geometry-one 'atom' coupled to a resonator. The physical simplicity and controllability make it especially attractive for studying fundamental laser properties. We expect that the artificial-atom masers could be used as on-chip microwave sources and microwave amplifiers. (astf@zb.jp.nec.com). The blue curve is measured outside hotspots, while the red curve is taken at the hotspot (e/h < 7 GHz). The black dashed curve is the envelope of the emission spectrum in the absence of any microwave drive (see Fig. 2c ). c, Output power spectrum S (colour map in log scale) as a function of the driving power for the detuning frequency dv drive /2p 5 -0.5 MHz. The spectrum gets as narrow as the measurement bandwidth (100 kHz) when N* . ,1.
